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THE  ELSCTEOCHEKICAL  IflOKEBTISS  OF 
DILOTE  SODIOM  -HALGAHS 


Technical  Report  Ho.  3 
April  1,  1?53 


Harry  Die  trick,  Erj.est  Teager, 
and  Frank  F<>vjrka 


- Abstract  - 


The  electrochemical  properties  of  dilute  sodium  amalgams  have 
been  studied  in  terms  of  electrode  potentials*  self-dischargs  ratess 
and  anodic  polarization.  Even  at  current  densities  as  high  as 
1 a. /cm. 2*  the  anodic  polarisation*  as  determined  by  the  commutator 
method*  is  negligible  ( < 1 by.  ) in  an  agitated  system.  Corrosion 
or  eelf-diecharge  rates  are  also  very  email  for  liquid  amalgams  in 
•odium  hydroxide  solutions  because  of  the  depression  of  the  electrode 
potential  of  the  sodiuE  in  the  amalgam  and  the  relatively  high 
hydrogen  overvoltage  of  aercury. 

Activity  coeffiol  vats,  based  on  electrode  potential  measurements 
with  the  amalgams  in  sodium  hydroxide  solutions,  ar®  in  agreement 
with  literature  values. 


The  relatively  high  electrode  potential  and  the  noa-polari-aability 
of  the  liquid  sodium  cjoalgams  suggest  their  use  in  high  drain  nrimary 
sells.  Only  e circulation  type  cell  la  which  the  aff&lg&a  is  constantly 
replenished  with  sodium  seams  feasible.  The  engineering  diff ioulties, 
however,  ‘t raid  be  substantial. 
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THE  ELECTROCHEMICAL  PROPERTIES  OF 
DILUTE  SODIUM  AMALGAMS 


Technical  Report  So.  3 
Contract  No.  N onr  581(00) 
Aorll  lf  1953 

by 

Harry  Dletriok,  Ernest  Yeager, 
and  I 'rank  Hovorka 


INTRODUCTION! 

The  elactrochemlcal  behavior  of  sodium  amalgams  It  of  interest 
In  terms  of  fundamental  &e  veil  as  practical  applications.  Examples 
of  the  former  are  the  determination  of  the  activity  ooeffioients  for 
sodium  In  moroury,  the  measurement  of  activity  coefficients  in 
eodlum  hydroxide  solution  and  overvoltage  theory.  Praotioal  appli- 
cations . nelude  the  production  of  sodium  hydroxide  in  the  Castner- 
f t. liner-;-  cell  and  the  development  of  high  drain  primary  batteries. 

As  part  of  contract  research,  the  anodic  polarisation  asso- 
ciated with  sodium  amalgams  in  basic  solution  has  been  determined. 
The  results  are  described  in  Part  X of  the  report.  In  Part  II, 
data  for  the  self- corrosion  of  sodium  amalgams  In  baeio  solution 
are  presented.  Statlo  potential  measurements  have  also  been  made 
and  the  activity  ooeffioients  for  the  liquid  sodium  amalgams 
calculated.  The  latter  are  lnoluded  in  Part  III. 

1.  THE  ANODIC  POLARIZATION  Of  SODIUM  AMALGAMS: 

The  oxidation  potential  of  pure  sodium  metal  is  sufficiently 
high  ( 2.?v.  ) that  the  metal  reacts  very  vigorously  even  with 
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alkaline  solution*.  The  »®otion  of  soditai  aee Tgema  in  the  liquid 
rang*  ( molefraotion  of  sodium  lost  than  0.05  ) with  sodium  hydro xids 
solutions,  however,  is  very  slow  beoense  of  the  high  hydrogen  over- 
voltage on  mercury  and.  the  depression  of  the  oxidation  potential  of 
eodlum.  Thus  the  elaotroohealoal  properties  of  these  amalgams  can 
he  studied  without  the  complications  normally  associated  w ith  exoeeeive 
eelf -corrosion  rates. 

Anodic  polarization  measurements  have  been  made  hy  the  commutator 
or  indirect  method  with  electronic  equipment  desorihed  elsewhere1. 

With  this  apparatus , the  polarising  current  is  periodically  Interrupted 
and  the  potential  of  the  polarised  electrode  measured  relative  to  a 
reference  electrode  at  little  as  on#  microsecond  after  the  interruption 
of  the  polarising  current.  In  this  way,  the  1-r  drop  associated  with 
the  passage  of  the  polarising  current  through  tho  solution  is  not 
incorporated  in  the  measurements.  The  electronic  apparatus  also 
permits  the  potential  of  the  polarised  anode  as  well  as  the  cathode  to 
he  determined  during  any  one-aicrossoond  period  following  either  the 
interruption  or  the  initiation  of  the  polarising  current;  hence,  the 
build-up  and  decay  curves  for  the  oolarisation  can  he  obtained. 

Xn  figure  1 is  a diagram  of  the  sleotrode  arrangement  Involved 
in  the  polarisation  measurements.  A platinised 'platinum  electrode 
was  used  ae  a cathode  as  a matter  of  convenience,  Hydrogen  gas  was 
liberated  at  the  entbode  during  the  polarisation  measurements.  The 
surface  area  of  the  amalgam  In  contaot  with  the  solution  vas 

1.  Technical  Baoort  5o.  6.  CHTR  Contract  l*o.  N?  onr  47002,  Project 
ho.  SB  051  162,  tfeetoro  Baserve  University,.  April,  1951° 
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approximately  0,5  cm*  while  the  apparent  surface  area  of  the  cathode 

n 

was  approximately  1 cmT  The  fritted  glass  plug  was  used  to  saturate 


Figure  1:  Cell  for  Polarisation  Measurements  with  Liquid  Amalgam* 

the  solution  with  hydrogen  prior  to  measurements  primarily  in  order  to 
get  reproducible  values  for  the  cathode  potentials.  The  solution  was 
agitated  to  a marked  extent  with  a high  speed  stirrer  during  the 
polarisation  measurements.  The  agitation  minimized  concentration 
polarisation  and  at  the  same  time  swept  away  the  hydrogen  gas  which 
formed  on  the  cathode.  It  should  be  noted  that  the  polarising  current 


vu  entirely  controlled  by  the  electronic  equipment  and  independent  of 
the  cell  eleotremotive  force. 

k reversible  hydrogen  elootrode  was  used  directly  in  the  coll  as 
a reference  electrode  for  the  early  measures ente.  This  elootrode 
tended  to  beooa*  poisoned  rather  quickly  because  of  very  small  quanti- 
ties of  mercury  introduced  into  the  eolution  from  the  anodo.  Henco,  a 
saturated  calomel  eleotrode  in  a separate  glass  oompartosnt  was  used  as 
a referenos  slectrode  for  most  of  the  polarisation  measurements . The 
potential  of  the  calomel  reference  eleotrode  v&s  chocked  "gainst  a 
reversible  hydrogen  electrode  in  the  same  solutions  es  involved  in  the 
polarisation  measurements*  Thus  the  potentials  of  the  polarized 
amalgam  electrodes  could  be  determined  relative  to  the  standard  hydrogen 
eleotrode  without  the  complications  normally  associated  with  liquid"" 
Junction  potentials. 

The  graph  In  Figure  2 represents  polarisation  data  for  an  amalgam 
with  0.1*j£  sodium  ( by  weight  ) in  5 molar  sodium  hydroxide  solution  at 
25°C.  The  interruption  frequency  for  the  polarising  current  was 
hOO  ssoT1  and  the  interruption  period  ( our  rent-off  ) was  500  mlcroseo. 
Curve  I represents  the  terminal  oell  voltage  and  wae  obtained  by 
measuring  the  potential  between  the  anode  and  the  oathode  1?5  milllseo. 
after  the  initiation  of  ths  polarising  current.  Voltage  measurements 
with  ths  sleotronlc  equipment  Indicated  that  the  oell  voltage  had 
approach; d the  steady-state  value  within  approximately  1 mv.  by  this 
time  following  tho  initiation  of  the  polarising  current.  Curve  XI 
represents  ths  EHJ  and  was  obtainsd  by  measuring  the  cell  potential 
one  mlccoscc*  following  the  interruption  of  the  polarising  current. 

Curve  III  w:is  obtained  by  tching  the  difference  between  the  values 
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represented  bj  cur?*  I ( oell  voltage-current  on  ) and  curve  II  ( cell 
voltage- current  off  ).  Thus,  curve  III  represents  the  Internal  1-r 
drop  within  cfco  cell  under  operating  condition*  Curves  XT  and  7 
represent  the  cathode  and  anode  potentials,  rcapuct 'vely,  at  function? 
of  the  polarising  current  density . The  data  for  cur-ve  17  ware  obtained 
hy  taking  the  difference  between  the  oell  voltage  one  mlorosec.  after 
the  interruption  of  the  polarising  current  and  the  potential  of  the 
anode  relative  to  the  roforence  calomel  electrode.  Both  onrvee  17  and 
7,  however,  represent  the  electrode  potentials  relative  to  the  standard 
hydrogen  electrode.  Curve  £7  is  typical  for  hydrogon  overvoltage  on 
platlnl sed-platinun.  The  data  for  the  sodium  n»alg;n  ( curve  7 ) are 
very  interesting  inasmuch  as  the  potential  measurements  indicats 
negligible  polarisation  for  this  elsctrods  at  currant  dsnsltiss  as  high 
ns  1 a, l cm, 2 when  tho  eleotrolyte  is  agitated. 

Ilk  addition  to  tho  practical  significance  of  this  extremely  low 
polarisation,  this  faot  is  of  theoretical  interest;  it  implies  that 
the  reveres  process  is  also  reversible  through  high  current  densities 
under  similar  circumstances.  Such  factors  ns  hydration  and  ion  migration 
through  the  double  layer  do  not  seas  responsible  for  overvoltage  with 
simple  oatlons  at  currsnt  densities  below  1 a./om.^. 

II,  THE  SELT— DISCHARGE  RATE  OF  D I LOTS  SODIUM  AMAIQAH  ELSCTHQDES? 

(Quantitative  information  ©oncoming  the  self  discharge  of  dilute 
sodium  amalgams  is  presented  in  Figure  3.  These  data  were  obtained 
by  tha  folio*. lug  prooedure.  Approximately  250  co.  cf  an  ennlgass 
cont&ininr  0.61/S  todies  ( by  weight  ) wore  placed  1 r • bottle  with  nno 


Volt* 


Current  in  mllllaapere*  per  square  centimeter 
of  apparent  cathode  surface 


Current  In  mil  Hampers*  per  square 
centimeter  of  anode 


Figure  2:  Cell  Performance  Data  for  s.  Sodium  Amalgam-Hydrogen  Cell 

(Curve  I:  cell  voltage  with  current  on;  Curve  lit  cell 
voltage  lese  i-r  drop;  Curve  111:  Internal  drop; 
Curve  IV:  cathode  no lari eat lon-hydrogen  overvoltage  on 
Pt-Pt;  Curve  V:  anode  polarization  - Fe(Hg). 
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liter  of  5-molar  sodium  hydroxiio,  The  contents  of  the  "bottle  were 
shaken  periodically.  At  various  times,  samples  of  the  amalgam  were 
removed  from  the  system  and  veifhed*  The  samples  were  ther.  trans- 
ferred into  a flask  containing  a fixed  quantity  of  0.1  Denial 
hydrochloric  acid  and  a few  particles  of  graphite  ,yer»-hddod^  ./The.  latter 
produced  a local  couple  which  kslped  to  ensure  complete  discharge 
of  the  amalgam.  The  amalgam-acid  mixture  was  shaken,  allowed  to 
stand  overnightp  and  then  "both  titrated  with  0*1  molar  basa. 

From  the  graph  in  Figure  3,-  it  is  apparent  that  the  corroe  .on  of 
the  amalgam  in  concentrated  sodium  hydroxide  is  slow.  For  the  0.b$ 
sodium  amalgam  in  5-molar  sodium  hydroxide  solution^  the  self  dis- 
charge is  estimated  to  he  equivalent  to  less  then  0->5  ma./cn?  In 
the  oase  of  amalgams  with  concentration'!  cf  0,1$  or  less  ( by  weight  ). 
no  hydrogen  bubbles  were  evident  in  5-molar  bare  provided  the  surface 
of  the  amalgam  were  free  of  partioles  such  as  carbon.  The  relatively 
low  corrosion  rates  reflect  the  high  hydrogen  overvoltage  on  mercury 
as  veil  as  tins  depression  of  the  oxidation  potential  of  the  sodium 
through  the  amalgamation. 

The  addition  of  sodium  chloride  to  the  hydroxide  solution  to  the 
extent  of  30  g. /liter  does  not  seem  to  increase  the  self-discharge 
rate  or  to  effect  the  electrode  potential.  Nitrates  and  other  easily 
reduced  ions  produce  a considerable  increase  in  the  corrosion  of  the 
amalgams  as  evidenced  by  the  evolution  of  hydrogen  gas. 

At  molefractlons  much  above  0.06f  sodium  amalgams  become  solids 
at  room  temperature ss  furthermore,  the  rats  of  corrosion  increases. very 
quickly  and  self  polarization  becomes  excessive. 


Solution:  1 nolal  SaCH 
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XII.  THS  ELECTRODE  BOOTH AL  AND  ACTIVITIES  07  DILUTE  SOLI l M AKALCAKS 

Th*  reversible  potentials  and  activity  coefficients  of  liquid 
sodlua  amalgams  have  heen  atudied  hy  a any  investigator*.  Historical 
aooounte  of  the  early  work  on  amalgams  through  1906  may  he  found  in  a 
paper  by  Richards  and  7orbss^,  and  through  1919  in  a publication  by 
Richards  and  Conant^. 

In  the  latter  paperr  tho  electromotive  forces  of  many  sodium  - 
amalgam  concentration  celle  were  measured  in  aqueous  sodium  hydroxide 
solutions.  Bent  and  Hildebrand^  used  Richards1  and  Conant's  data  to 
calculate  the  activities  of  sodium  in  the  amalgams,  referred  to  pure 
sodium  as  the  reference  state t 


The  deviations  from  perfect  solution  found  in  sodium  amalgams 
are  in  pert  associated  with  compound  formation.  Both  vapor  pressure  and 
electrode  potential  data  for  dilute  sodium  amalgams  may  be  oxplalned  in 
terms  of  the  formation  of  the  compound  Fa  Bg^. 

Levis  and  Kraua^  determined  the  standard  electrode  potential  of 
sodium  by  measuring  the  EHF  between  a sodium  amalgam  and  a normal 
oalocsl  sleotrod#  in  0.2  molar  sodium  hydroxide  solution  and  the  Etf? 
between  tho  amalgam  and  sodium  metal  in  a solution  of  sodiun  iodide  in 


2.  T.  Eichards  and  G . Forbee,  Carnegie  Inst.  Pub..  56.  1 ( 1906  ). 

3.  T.  Richards  and  J.  Conant,  J,  An.  Chen.  Soc..  44.  601  ( 1922). 

4.  H.  Bant  and  J.  Hildebrand,  ibid.,  jg,  3011  ( 192?  ). 

5.  0.  K,  Levis  and  C.  Kraus,  ibid..  14‘9  ( 1910)0 


• • 


-10- 


ethylsalne^*?.  Their  data  may  be  combined  with  that  of  Richard*  and 
Conant  in  order  t-  calculate  the  activity  of  eodlum  In  dilute  aaalgras. 

Q 

The  activity  of  sodium  In  oonoentrated  liquid  an&lgaae  and  In 
solid  amalgams^  has  been  investigated.  The  activity  of  eodlun  in 
oonoentrated  liquid  eodlua  amalgams  containing  a molefrsotlcn  of 
about  0.65  of  eodlua  va*  found  to  he  approximately  the  sane  a*  that 
of  eodlua  natal. 

The  electrochemical  properties  of  dilute  eodlua  amalgams  also 
her®  been  studied7 * 9 10  In  concentration  coll*  containing  a eolutlon  of 
•odium  Iodide  in  dimethyl amine.  The  results  obtained  In  the  non- 
aquaous  cells  were  ooxpared10  with  those  of  Riohard*  and  Sonant. 

The  agreement  hetwoen  these  two  eats  of  data  is  good. 

Tha  low  corrosion  rates  and  the  reversible  ch&raoterietlca  of 
eodlua  analgin*  ( demonstrated  in  Parto  I and  II  ) lead  to  confidence 
in  the  validity  of  activity  data  based  on  neeeureaeute  with  sodium 
amalgams  In  aqueous  solutions. 

In  figure  4 is  a graph  of  the  potentials  of  liquid  eodlun 
amalgam*  In  a 0.9902-solal  eodlua  hydroxido  solution  at  25°C.  Po- 
tential measurements  were  made  with  a mercury-mercuric  oxide  reference 
electrode  containing  eodlun:  hydroxide  of  the  earns  concentration  as  In 
oontact  with  the  uaalgan.  This  reference  eloetrode  was  subsequently 

6.  The  nature  cf  the  electrolyte  has  been  shown 7 to  affect  the  potential 
of  an  amalgam-concentration  cell  In  some  oases.  Bent  err!  Gllfillan 
found  erratlo  potentials  for  a oell  involving  a potaaoiua  aaolgaa-pure 
potassium  oouple  In  a solution  of  potaesltn  triphanylae  vhyl  in 
diethyl  ether. 

7.  H.  Boat  and  2.  Oilfi?.lant  ibid. , 5£,  247  ( 1933  ). 

6.  E.  Gllfillan  xd  H.  Bent,  Ibid..  567  1505  (193*0. 

9.  H.  Bent  and  fcrelati,  Ibid..  58,“Z220  ( 1936  ). 

10.  H.  Bent  end  2.  Swift,  Ibid.,  2*»  2216  ( 1936  ). 
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checked  pgp i f- s t a reversible  hydrogen  electrode  la  0 , 99G2—£iolal  sodium 
hydroxide  soiuti on.  All  potential  measurements  were  obtained  with  a 
Leeds  and  Horthrup  potentiometer,  type  K-2„  The  general  agreement 
between  duplicate  da tenai nations  vac  of  the  order  of  a few  tenths  of 
a millivolt.  The  concentration  of  the  sodium  in  each  amalgam  was 
determined  by  the  back-titration  procedure  described  in  Part  I, 

The  values  on  the  left  ordinate  in  Figure  4 represent  the  poten- 
tials of  the  amalgeas  relative  to  a reversible  hydrogen  elactrode  in  a 
0o9902-molal  sodium  hydroxide  solution.  The  values  on  the  right  ordi- 
nate represent  the  potentials  of  the  amalgams  relative  to  a standard 
hydrogen  electrode  ( without  liquid  Junction  potential  ) and  are  based 
on  the  assumption  that  the  activity  of  the  hydroxide  isn  is  the  ease  as 
the  mean  activity  of  the  electrolyte. 

The  electrode  potentials  represented  in  Figure  4 should  obey  the 
Hernst  equation i 


where  <£  is  the  call  reaction  potential  ( IMF  ) of  the  cell 


<5 


6 


Ha  (Hg)  j HaCE  J E2  ( Pt-Pt  ); 

/Vo?  **  *tandard  oxidation  potential  for  the  amalgamated 

sodium.  CL±  is  the  mean  activity  of  the  sodium  hydroxide,  the 

ionisation  constant  for  water,  and  of 

dissolved  sodium  in  the  amalgam  in  terms  of  the  reference  stats « 
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where  Xjja  and  X Eg  are  the  molefractione  of  the  sodium  and  cn^-cury, 
respectively.  According  to  the  data^  of  Earned  and  Hecker,  the  inter- 
polated value  for  the  mean  activity  coefficient  of  the  eodluu'  hydroxide 
fc%  25°C  ie  O.679.  Eo„  (1)  may  then  he  expressed  in  the  fom: 

£-o.c.w/°?Xl/i-  F^(^- aoni5/oQ4.w*‘/o'3-w.osvs/cp  (3) 


from  equations  (2)  and  (3),  it  is  apparent  that 


£im.  [6-O.OSVSjo^X^]—*  )-0.0SVS’/oq4.3~!5-/0  ffl 

V1 

Thus,  by  extrapolation  of  the  term  L£-  0.0*9  if  Icq  x»s]  to  sero 
aolefraotion  of  sodium,  the  standard  electrode  potential  for  the  amalgamated 
sodium  can  bo  evaluated  in  terms  of  the  reference  state  given  above*  Ey 
this  prooeduro,  the  value  for  is  found  to  be  4*  1 9566  volte  in 

oontraet  to  the  usual  value  of  2»?  volts  for  purs  tclld  sodium.  The 
0.7-  volt  difference  is  not  surprising  in  view  of  the  large  amount  of  beat 
liberated  upon  formation  of  the  liquid  sodium  amalgams* 

Figures  5 and  6 represent  graphs  of  the  aotivlties  and. activity  co- 
efficients for  the  sodium  in  the  liquid  amalgams  as  obtained  in  two. 


11.  H.  Hamed  and  J.  Hccbsr,  J.  Am  Cham.  Soc*.  55.  b8 38  (1933 )(  as 

' quoted  by  B.  Harn*d  ana  B,  Owen,  "The  Physical  Chemistry  of  Electro- 
lytic Solutions",  2nd.  Ed.,  Kew  York,  Reinhold  Publishing  Co.. 

1950,  p.  5^0. 
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separate  aeri.ee  of  measurements.  Hie  activity  data  have  'been  calcu- 
lated from  the  potential  measurement*  in  Figure  4 by  means  of  equation 
(1).  The  electrode  potential  data  of  Eicharde  and  Conant^  and  Bent  and 
Swift'*0  have  al  bo  been  used  to  calculate  values  for  the  activities  and 
activity  coefficients  in-’  terms  of  equation  (1)  and  the  reference  state 
indicated  by  equation  (2),  Those  values  are  also  shown  in  Fiennes  5 and 
6.  The  agreement  is  quite  satisfactory e particularly  when  one  consider* 
that  Bent  and  Swift  worked  in  non-aqueous  aedie. 

The  linear  dependence  of  the  logarithm  of  the  activity  coefficients 
on  molefracticn  of  sodium  in  the  liquid  amalgams  Is  interesting  and  can 
be  partially  rationalised  in  terras  of  compound  formation  between  the 
sodium  and  mercury* 

IV,.  THE  SIGNIFICANCE  OF  D I LOSE  SODIUM  AMALGAMS  IN  BATTEST  EFfELOPKENT: 

The  relatively  high  alactrodG  potential  and  the  virtual  non-polaiv 
isability  of  the  dilute  sodium  amalgam  anode  suggest  its  use  in  high 
drain  primary  batteries.  If  the  sodium  amalgam  anode  le  used  with  an 
oxygen  electrode,  an  EKF  of  approximately  1.6  volts  is  obtained  with 
5-mola r sodium  hydro xios  as  the  electrolyte.  Sodium  hydroxide  would  also 
be  the  product  of  the  cell  reaction  $ hence,  the  cell  would  generate  it« 
own  electrolyte. 

There  are  obvious  disadvantages  associated  with  the  use  of  sodium 
amalgams  in  primary  cells.  Not  the  least  of  these  are  the  weight  of  the 
mercury  and  the  relatively  low  sodium  content  of  the  liquid  amalgams o 
Solid  sodium  amalgams  corrode  at  an. excessive  rate  and  polarise  very 
readily.  In  a large  Installation  the  liquid  sodium  amalgam  could  be 
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olroulated  with  a special  reactor  outside  tha  calls  in  which  the  sodium  is 
continuously  dissolved  in  tha  mercury.  Isolation  pumps  would  pern it  tha 
anodes  of  calls  in  series  to  ha  constantly  replenished  with  fresh  amalgam. 
A horitoatal-type  cons tract 5 on  would  probably  ha  nost  practical  with 
porous  s a para  t si's  of  some  type  to  Isolate  tha  amalgam  x'roo  tha  cathode 
in  tha  event  that  tha  calls  wore  tilted.  The  engineering  problems  would 
he  substantial  however. 

The  idea  of  using  mixtures  of  catuls  for  anodes  in  primary  cells  le 
promising.  In  good  part  the  depreezlon  of  tha  electrode  potential  of 
sodium  in  mercury  is  associated  with  the  formation  of  a compound  of  the 
type  EaHg^. 


